We report on a polarized-neutron Laue diffraction experiment on a single crystal of neodymiumdoped lanthanum magnesium nitrate hydrate containing polarzed proton spins. By using dynamic nuclear polarization to polarize the proton spins, we demonstrate that the intensities of the Bragg peaks can be enhanced or diminished significantly, whilst the incoherent background, due to proton spin disorder, is reduced. It follows that the method offers unique possibilities to tune continuously the contrast of the Bragg reflections and thereby represents a new tool for increasing substantially the signal-to-noise ratio in neutron diffraction patterns of hydrogenous matter. Hydrogen atoms play a key role in many materials and biological systems of high interest; examples are biomolecules, fuel cells and soft condensed matter. Neutron diffraction studies of such hydrogenous matter generally suffer from a strong featureless background due to incoherent scattering by the protons. The incoherent scattering arises because the proton spins are normally completely disordered, and the scattering lengththe strength of the neutron-proton interaction -depends strongly on the relative orientation of proton and neutron spins. A common way to reduce this incoherent scattering is to substitute the hydrogen by deuterium, since the incoherent scattering length of deuterium is far smaller than that of hydrogen. However, producing such samples is difficult, expensive and, for some materials (e.g. complex biomolecules), often impossible. Equally well, isostructuralism cannot be guaranteed. Another method to reduce, or even remove completely, the incoherent scattering by the hydrogen atoms, is to align the spins of the neutrons and protons so that they are parallel [1] [2] [3] [4] [5] . This is seen from Fig. 1 , which shows the polarization-dependent coherent and incoherent cross sections for hydrogen, according to σ inc = 4πb 
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where P I and P n are the polarizations of the protons and the incident neutron beam, respectively, b c is the coherent scattering length of hydrogen, and b i is the incoherent [1, 6] . When the spins of the neutrons and the protons are parallel (P n P I = 1) there is no incoherent scattering, and when they are anti-parallel (P n P I = -1) the incoherent scattering is maximized. It is also evident from Fig. 1 that the coherent scattering cross section increases from 1.8 to 14.7 barns when the spins are aligned, and hence a huge improvement in the signal-tonoise ratio will be observed. The latter effect was originally demonstrated by Hayter et al. [7] A key aspect of the experiment described here is the method to achieve a sizable nuclear spin polarization of the protons in the single crystal sample. The brute force approach, i.e. cooling a sample which is situated in a strong magnetic field to temperatures in the millikelvin range, will not lead to the desired result of a high nuclear polarization due to the excessively long nuclear spin relaxation times under these conditions [10] . On the other hand, the so-called dynamic nuclear polarization (DNP) technique allows the polarization of nuclear spins in a solid under less restrictive conditions [11, 12] . As a prerequisite for DNP the sample needs to contain a certain amount of unpaired electrons (paramagnetic centers) -typically 0.1% of the nuclear concentration. As the electron spins possess a much larger magnetic moment than the nuclear spins and a considerably shorter spinlattice relaxation time compared to the nuclear spins, they easily reach polarizations of almost 100% at moderate temperatures of 1 K and magnetic fields of 2.5 T. This electron spin ordering can be transferred to the nuclear spins by irradiation of microwaves close to the electron paramagnetic resonance frequency, due to the dipolar interaction between the nuclear and electron spins. LMN:Nd with its high content of hydrogen (proton density: 3.9 × 10 22 cm −3 ) is a well-known crystal to be polarized by means of the solid effect of DNP [13] [14] [15] [16] [17] and hence represents a good candidate material to perform a proof-of-principle experiment.
A schematic drawing of the polarized neutron Laue setup is presented in Fig. 2 (right). The incoming white cold neutron beam (polarization P n ≥ 95%) is collimated horizontally and vertically using an arrangement of two Soller collimators [18] and several diaphragms, resulting in a circular beam with a diameter of 5 mm, a divergence of approximately 2 mrad (FWHM) and the spectral distribution presented in Fig. 2 (left) . The neutron flux at the sample position is about 2.5 × 10 5 cm −2 s −1 at a proton current of 1.5 mA on the SINQ spallation target. The LMN:Nd crystal with a cross-section of 10 × 10 mm 2 and a thickness of 5 mm was placed inside a multi-mode microwave cavity which was top-loaded into a dedicated 4 He evaporation DNP cryomagnet, with a base temperature of 1.05 K and a vertical split-pair 2.5 T magnet [19] . Additionally, small permanent magnets were installed between the split pair, creating a weak horizontal holding field to avoid depolarization of the neutron beam as it passes through the zero-field region of the superconducting magnet. This horizontal field does not influence the homogeneity of the main magnetic field at the sample position, which is better than 2 × 10 −4 . The latter is necessary to establish a uniform polarization over the entire sample. Positive proton spin polarization was achieved by irradiating with microwaves with a frequency of 78.965 GHz at a magnetic field of 2.06 T into the sample cavity using a 10 W Extended Interaction Oscillation Tube (electron g-factor in LMN:Nd: g ⊥ = 2.70). The proton polarization was measured with cw-NMR using a so-called Q-meter which was calibrated by means of the thermal equilibrium polarization [20] . In order to provide a constant nuclear polarization over several hours, continuous irradiation with microwaves was indispensable, as the nuclear spin relaxation time at 2.06 T and 1.05 K was determined to be about 150 min.
The Laue patterns were recorded using two standard neutron-sensitive image plates with a size of 400 × 200 mm 2 covering a total horizontal angle of about 210
• and a vertical angle of ±12
• (due to absorption of the scattered neutrons in the coils of the magnet only about half of the vertical dimension of the image plate could be used). The image plates were read out with a spatial resolution of 200 µm using a Fujifilm BAS-2500 scanner and the patterns obtained were normalized to the total neutron flux by means of a neutron monitor detector placed in the white beam. Furthermore, the neutron windows of the cryostat were made from aluminum with a thickness of only 0.2 mm, to reduce the background from neutrons scattered out of the incident and transmitted beams.
In order to observe the effect on the neutron Laue pattern intensity and the incoherent background, we performed measurements with an unpolarized sample and with a sample with a proton polarization of 30-35%. The polarization of the incoming neutron beam could be flipped by means of an adiabatic spin flipper, such that the spins of the protons and neutrons could be ori-ented either parallel or anti-parallel. The results for these three cases are depicted in Fig. 3 . Each image shows the Laue pattern for the horizontal scattering angle from 41
• to about 146
• , which corresponds to image plate d 2 in Fig. 2 (right) . The exposure time for each pattern was about 10 hours. The instrumental background, i.e. the background from sources other than the incoherent scattering of the sample, is obtained in the same manner, but without the sample in the cryostat. This background contributes approximately 35% to the total background in the case of the unpolarized sample and is subtracted from each of the three patterns.
The relative change of the incoherent scattering due to the proton polarization can be determined by averaging the neutron intensity over several areas of the pattern where there are no Laue reflections. In the case where the neutron and the proton spins are aligned parallel the incoherent scattering reduces to (76 ± 2)%, while it increases to (115±2)% for anti-parallel spins. These results are in good agreement with the calculated values of 73-77% and 117-119%, if one assumes that the incoherent scattering is solely caused by the protons in the sample and a polarization of 30-35%.
The Laue reflections were indexed using the program LAUEGEN [21, 22] and integrated using the program ARGONNE-BOXES [23] , with the true counting statistics estimated from the observed point-by-point variations in the local background [24] . The intensities for a selection of Laue reflections are summarized in Table I . It is seen that the intensities of the individual reflections can be changed significantly by spin polarization. For example, in an unpolarized sample, the reflection (1,2,11) is practically undetectable, while it becomes clearly visible in the case of parallel spins. Significant changes in intensity with polarization are also observed in some reflections in the row (1, 1, l) . Because the intensity of Bragg reflections may be thereby increased or decreased, an improvement of the signal-to-noise ratio is not observed for all the recorded reflections. However, we do note that for large-unit-cell biological crystals, the intensity of incoherent background compared to that of the Laue reflections will be much greater than for our proof-of-principle experiment. Hence, the reduction of this background by polarization of the sample will be even more important in that case.
In conclusion, we have shown that the polarization of protons opens up the possibility to tune the contrast of the Bragg reflections, whilst the incoherent scattering is reduced, in a quite predictable manner. This concept of utilizing the strong spin dependence of the scattering cross sections of hydrogen may be very favorably employed to improve substantially the poor signal-to-noise ratio in neutron diffraction experiments on samples with a large hydrogen content. It follows that the technique may provide answers to specific questions on e.g. hydrogen positions or protonation states and hence may have a • and +1.5
• in horizontal scattering angle, respectively.
huge impact on a large range of disciplines, ranging from hard and soft condensed matter to pharmaceutical biology. For the wide-spread use of dynamic nuclear polarization in neutron Laue diffraction, the method is however accompanied by a few demanding challenges and open questions: (i) Which paramagnetic centers can be used and can they be implanted in the crystal, notably a biological crystal, of a sufficient size? (ii) What is the level of proton polarization that can be achieved? (iii) What is the gain compared to deuteration? (iv) How can the sample environment be optimized for Laue diffraction? Although the answering of these questions requires further exploration, we can here give tentative responses: Fig. 3 for the sample unpolarized (I ↑− ), polarized parallel (I ↑↑ ) and anti-parallel (I ↑↓ ) with respect to the neutron spin, respectively.
(i') DNP on biological macromolecules was originally performed by adding a small percentage of a bulky Cr 5+ complex, C 12 H 22 CrO 4 Na.H 2 O to a solution containing the macromolecule of interest, which was then frozen to form a glassy sample [1, 25] . The paramagnetic carrier would generally need to be considerably smaller than this complex to promote or maintain translational symmetry in the crystalline state. The smaller TEMPO free radical, recently also used to create hyperpolarized substances for biological MRI [26] , would be the first choice.
(ii') The polarization of 35% achieved in this experiment is particularly unsuitable for determination of hydrogen positions since it corresponds to a coherent cross section of hydrogen of nearly zero (Fig.  1) . Achieving a polarization of at least 50% is desirable and seems possible with state-of-the-art DNP equipment. However, it might be necessary to reduce the sample temperature further and/or increase the magnetic field strength to improve the nuclear spin relaxation time, which constrains the maximum polarization. Much of the further development to increase the polarization can be done however without neutrons, using, e.g. NMR, to measure the polarization.
(iii') Where it is possible and does not change the structure or function, deuteration is at present still preferable to proton polarization, since a given percentage average deuteration can yield the same reduction in incoherent background as the same percentage proton polarization. However, when deuteration is not possible or for structure determination, the polarization technique offers unique possibilities.
(iv') The intrinsically smaller sample sizes available and desirable for Laue diffraction, reduces the requirement on the spatial extend of the field homogeneity and the gap between the magnet pole pieces which should allow a scaling down of the appartus and/or an enlargement of the solid angle of detection.
